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HOW CAN CHEMISTS TEACH PROBLEM SOLVING?

SUGGESTIONS DBRIVED FROM STUDIES OF COGNITIVE PROCESSES*

. F. Reif ' .
Physics Department and Group in Science and Mathematics Educatilon. s 3
University of Calilfornia. Berkeley, California 94720 ‘

Scientists do not behave scientifically in all domdins. Thus we -
pursue our own discipline (e.g., chemistry) analytically and systemati-
cabseek to develop a thepretical understanding of underlying pro-
cesdes, an:1 try to achieve practical goals (e.g., chemical Syntt;eses)
on the basis of our theoretical insights. On the other hand, we ‘
commonly approach tasks outside our own discip'l.ine (evgn chemically .
related tasks such as gardt;ning or hutrifion) by the seaEs of our pants, /
content, to rely on rules of thumb and on common-sense notions of ques~

tionable validity. Usually we tend to be equally unscientific in our

teaching. )
A serious interest in teaching scientific .problem solving warrants,
however, a more systematic a.pproach. Not only is préblem so]vin/g of
crucial importance in any science if students are to achieve the
ability to deal fle)_dbly' yith vdive,rse and novel situations. But problem
solving.'particularly in wsl-l"‘-déyewped scientific disciplines, is also )
a highly complex intellectual, task. ‘Hence one capnot expect to act:ieve -
much success in teaching effective problem-solving skills unless one

——

approaches the teaching enterprise from a’systematic and scientific point

of view. ‘Such a scientific approach is not only‘requir:ed to achieve

» '
.
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practical teaching effectiveness, but has also intrinsic intellectual
interest as a fie\d study in its own right. Indeed, recent years have
seen substanf¥al progress in our understanding of complex intellectual
processes, as these have been studied in exciting new fields such as

! 1nfomat10n-pmcess;ng psychology or artificial intelligence [1-3].

My aim in this paper is to point out some central ideas emerging
from a systematic approach to teaching scientific probiem-solving skills.
My comments will be generally applicable to probiem solving in quantita-
tive sciences, such as physics, chemistry, or engineering. (I myself
‘have don.e most of my own work in the context of physics.) Within the

“Timited time and space available to me, I shall focus my attention
selectivély on some‘)najor points and shall deliberatel; slight many
important details.

» ¢

Rudiments of a Systematic Approach

- Teaching or learning'can be viewed as a transformation process

vanalogous to a ché\mical reaction of the form

. . -
.

[
.

' Si+S

f f

In this process a student Si' in an initial state where he or she cannot

., do certain things (such as problem solving) is supposed to be transformed

into a student Sf in a final state where he or she can do these things
eff,éétively. . .
;:"i/"ll\‘n analysis of this transformation process reveals some basic
' ’1ISsu‘;2i’s which can usefully badistinguished and studied separately.
«

e
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Teaching versus performance ’ '

It is clear that one must first have a good understanding of per- .
formance, both in the initial and final states, before one can Sys-
tematically address tasks of learning or teaching. In particular, one

must first understand how students, before any instruction, approach .

problems. Thenonemust understand how students, after instruction, are

expected to perform,in. order to achieve effective problem' solving, e.g.,
what thought processes they areexpected to use, how they are expected to
organize their‘infomation. ‘etc. (Indeed, it is a research challenge to.
understand theoretically such underlying cognitive processes leading to.'
good human ;;roblem-sqlving performance.) Only after one has achteved a
good understanding of“initial per formance,and of the desired final per-
formance,can one hope to teach students how to become effective problem

o

solvers.

.
N N

Naturalistic versus effective funcsioning

Useful information aPout learning or teaching can obviously be
obtai}\ed by observing and studying the performance of actual novice
students and'of actual expert$. However, such naturalistic or "descrip-
tive® studies have only limited interest. By contrast, a more general ques-
tion, transcending a mere concern with-naturalistic functioning, asks
how effective functioning comes about. For instance, purely naturalistic
studies of flying, by observ;ng birds and tnsects, may lead to an ?

understan&ing of how flying is achievgd b ping wings. However,

modern airplanes do. . =
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One can thus fruitgully ask the following general question, going
beyond the bounds of descriptive naturalistic studies. What are under-
lyang thought processes leading to good human performance {such as
problem solving) without necessarily simulating what actual experts do?
This more "érescriptive" question is both scientifically interesting and
highly germane to practical instruction {4]. 1In particular, this ques-
tion does not make the unwarranted assumption that actual experts always
per form optimally. Furthermore, since it does not restrict inquiry to
naturally occurring modes of fﬂnctioning, it allows room for human
invention and design. For instance, although models of good performance
may be suggested by observing the behavior of actual experts, tﬁey may
also\he suggested by purely’ theoretical analyses.

The more ;eneral presériptive question'about goqd p;rformance is
also centrally important for teaching tasks or any attempts to improve -

human performahce. In particular, it is a mistake to bélieve,that ‘good

performance, to be achieved by students as a result onnstruction, can

ERIC
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mgrely mimic what experts actually do. Indeed, students must often be
taught explicit processes to achieve performance which actual experts
can do almost automatically because the} immediately recognize situations’

familiar tg/égem as a result of years of experience.’

\

Detailed observations versus gross statistical data

To understand the’under]ying thought processes leading.to good
problem-solving performance, it is essential to observe in detail the
thought processes of individual persons. By contrast, statistical data
derived from test scores on many persons are of much less utility because

\
Epey provide onlywvery gross information. These comments are not

- ’

6

intended to Wenigrate the utility of statistical data. 8ut, as somebody

once said: "Statistics are like a bikini bathing suit. What they reveal

is suggestive, but what they conceal is vital." There is a great deal

v

of wisdom in this quotatioh.

Insights Derived from Naturalistic Studies

Before discussing in greater detail] some of the thought processes
needed for effective scientific problem soTvidb, it is worth mentioning
some insights derived from detailed observations of the naturally
occurring problem-solving behavior of novice students and 1xperts.

Detailed data of this kind can be obtained by asking individual
persons to talk out loud about their thought processes while they aré
solving Q:oblems. The transcript of a person's tape-recorded verbal
statements, together with khe person's written work, constitutes then a
“protocol” which provides a rich soucre of data about the person's
thought processes. Needless to say, even such a detailed protocol

reveals only a small part of(a person's”thoughts since many of these

are not overtly verbalized. WNgvertheless, such protocols provide data <i

much more useful and detailed than would be obtained by test.results,
questionnaires, or other similar gross measures.

Let mg\fhen briefly mention some important results, deriyed from
such detailed observations of novice s;udents and expg{is tS-fEl and

point out some of their impiications.

: . ) ‘

Preexisting knowledge of students

The observations “indicate that novice students possess complex

conceptual structures derived from prior experience and from informal
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- tultural transmissdion. These conceptual structures are useful to exp]ajn . Another implication is that science teaching is often of limited
‘ and predict many of the phenomena encountered in daily life. However, effectiveness for the simple reason Ehat much essential knowledge is
unlike scientific conceptual structures, they are often ambiguous, vague, .\ never explicitly taught, because it 1s'not even apparent to the 'teachers ‘
~,i nconsistent, and not afcurately pr:edictive. . ‘ " themselves. !
One implication of these'gbservations is that the learning of a .. - E
scie\kgce involves much more than‘ the acquisition of new knowledge by a S?gnificant differences between experts and novices o
b]a\hk\.gnind: Instead, it involves a substantial restructuring of pre- Observations reveal that significant differen"c'es‘do indeed exist
exls\t‘ir:g knowledge, a restructuring where new knowledge must compete between the problem-solving behavior of novi¥h sEudent’S and of expents. '
with\a student's previous knowledge and familiar way of thinking, [t is For example, novice students usually try to assemble problem solutions

-~

thus scarcely surprising that adequate restructuring can be a difficult by proceeding, in linear sequential fashion, to piece together various

and timg-consuming process prone to many errors and confusions. . . mafhem.aticél formulas. By contrast, experts often approach problems by
Angther implication of these observations is that the modas of "5‘"9; qualitative arguments and seemingly vague language, thus formula- .
‘learning Wequired in science (modes which r;equire unambiguity, precision, _ ting plans which only later get refined into more mathematical language.
and great a‘i'e that all language is cleanly related to observagions) are~ ~ These observations-show that expetts' superior performance is not
quite unlike modes of learning familiar from daily life. Such new modes ' merely due to their large store of accumulated knowledge, but also to
of learning Wre,therefore, quite difficult to acquire without,carefully ‘ problem-solving strategies more effective than those used by students.
designed instruction. As we shall see, such expert strategies are also theoretically expected ‘
‘ ‘ - - to be more powerful and some of them should be teachable to students.
Tacit knowledge of experts . . , '
‘Detat‘]ed ob\pervations indicate that \e,xperts possess knowledge which . ’ ) General Ana]_vs‘is of éffective Problem Solving . ‘
is rer‘narkabﬁly large and well-organized. Much of this knowledge is "tacit”, k After these comments about. informat ion derfved from naturalistic
i.e., used“ayt tically without any conscious awareness. Yet this tacit observagions. Tet me turn to 2 more General analysis of the kinds of
knowledge is ess.Sntial to good performance ‘and sometimes quite subtle, . procedures and knowledge essential for good human problem-solving per-
" One 1;np11ca ion of these observations is that the exp]iétion of formance {13,14]. 1 shall begin by pointing out some general issues which ’
such tacit knowledge is an important and challenging task which can re- must be addressed by any theoretical mt;del of good problem solving. Then

I shall examine some of these topics in slightly greater d'e;ail. .

veal much abdut thé natyre of expertis:e.
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) According to an analysis developed by mysei¥ and some coworkers, ', ’ ) fo]]ov;ing paragraphs I shall merely ‘outline some of the wnajor 1deas:whiﬁch )
problem solving involves some general problem-solving procedures used 1? b - :hacv,e emerged in our work addressing these questions. ’ "
conjunction with a knowledge base containing particular knowledge about MRS . ’ B . P - ‘l
a specific domain {such as mechanics, or thermodynamics, or electric . . Prob]em-so]ving procedures il)” ! '
circuits, etc} The general problem-solving procedures decompose the ‘Tnftla] problen descrigtion , . . - :
problem-solving process into several successive stages which address the ‘ The manner in which a prob]em‘is 1ﬁitia’ny described is crycia]ly -
following subproblems: (a) How can one initialfy describe and amalyze o 1n;portant s‘ince it can determine whether the subsequent‘so:]utjo'r.l of the
a problem so as to facilitate the subseque&earch for its solution? - - prob]em is ‘easy or difficult--or even impossible. The crucial ro‘i\e of
{b) How can one synthesize a so]utinn of the probliem, using appropriate . the initial description of a probTem 15' however easily over]oolved
) planning arEl subsequent implementation, -by mék.ing Judiciously the many . bec\ause it 15 a preliminary stﬁp which experts usual]y do rapidly and’ '
’ decisions nw!ed to find. a path to the solution? (g) How‘car] ohe finally ' automatical]y without much conscious awareness. :
test the resulting so}ution to ascertain whether it' is cdrregt and rea- . . A model of effective problem solving m'ust thus, tn particular,
sonably optimal, so that suitable improvements can be made?{ k ? . specify explicitly procedures for generatingfp useful initfal description ‘
.. The preceding procedures are to be used in conjunction“With a * ‘ S of eﬁy prof)]em The. first stege of such a description procedure aims to ;
knowledge base containing specific knowledge about the particular domain generate a "basig description" of a p(oble This is achieved by using ‘
of ‘interest. Any such knowledge base must have general characteristics ’ general domain- 1ndependent know]edge to put-the preblem 1nto a form where ;
N which facilitate the implementation of the preceding procedures, . : v ft is ireadily understandable tp the probfem solver. Thus the basic de- ‘
. \ chardcteristics which‘ must also be specifjed by a model of good per- L scr@tion, summarizes the 1nformation speci Fied and to be found, -mntro- |
i formance. . for ex.;.,,p]e, what types of kifowle 69 shoul—te included in : ¢ duces useful synbols, and expresses available 1nfo’mua‘tion‘ in various
- , such a knowledge base? What kinds of'ancin.a knowl’e;dg nust accompany useful ;ymgolic forms (e.5.. 0 verbal ctatenents,as vell 35 1n dfograms).
any concepts or principleast‘) that 1\t becomes ffectively usable and can ) Figure 1 illustrates an example. - '

thus serve as a functionaMly useful conceptual building b]ock‘? Fina]]j.

-

-

how niust the entire. knowl ase be organized so that large amounts of : . Insert Figure 1 about here -

nformation can be easily remembered and appropriately retrieved in . o e N

.

.. " * -3 "
complex problem-solving contexts? o The*next stage of the description procedure®is more complex. It

An” understanding of how good human probiem-solving performancé can . aims to generate a "theoretical description" of the problem, i.e.; a

be achigved requires answers to all the preceding questions. In the rdescription which deliberately aims to redesfribe'the problem in terms

v

10 . . . l . ) . 11.

.
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of the special concepts provided by the knowledge base for the relevant
‘ , . . - kngwledge domain., The resulting problem description greatly facilitates
\ ' ‘t e subsequent search for a problem solution since all principles in the
) ' ) . . . knowledge base are expl‘essed in terms of these special concepts and
?? . ’ . become thus readily accessible. ‘
i . ’ : . ’ Hence the knov:ledge base for any particular domain is especially ~*

' . T N . useful if it includes expligit rules specifying how to describe an.y
, ORIGINAL "PROBLEM STATEMENT - .

situation enco}tered in this domain. * Fhese rules should specify how to
A MANBITS AT THE TOP OF A SMOOTH HEMISPHERICAL DOME, OF RADIUS R, ) identify, in any problem situation, those entitities of prime interest

COliEBlNG A FACTORY ON HORIZONTAL GROUND. IF TH§ MAN STARTS SLIDING, . in this domain, what speclal concepts should be used to describe these!
AT WHAT HEIGHT ABOVE THE GROUND‘ DOES LiE‘ SLIDE OFF THE' DOME? elltities what properties of these special concepts can be exploited

* ¢ +

. . ) and how to- check that the resulting description is consistent with known

BASIC DESCRIPTION principles. [15] .

, For example, the knowledge base for the scjence of ctlassical

—
o .
.

~

01 time to! man at top - ~ mechanics can usefolly be actompanied by p explicit rules specifying

time 4 " man slides of{ ) explicltly how to describe any probl‘em in mechanics. These rules specify

v

(time ro‘:.ny time between) that the entities of. interest are particles (or systems con;istirfg of
r

R

~

Eh ) " . several such particles) They specify that the motlon of any such
: GOAL: h=7? N

N

particle should be described by special concepts such as position R ‘e

» ; ! .

. : velocity » and "acceleration". They also specify that the interaction
between such particles should be spec§fied by special concepts such as

, - . . “forces” or "potential energies”. The description rulés also specify

. ] . ”ho‘w"ﬁ exploit the properties of these’ concepts. For insfance, they
. ! specify that forces can be systematically enumerated by first considering
, Yong-range forces“(such as gravity) and then identifying the short-range
. ey, ’ .
Flg. 1: Original statement aml basic description of a mechanics problem. ’ forces on any partlcle(by noting all objects which touch the gjven

particle). Furthermore, they specify lww these various kinds of forces

A

+
Le]
o

EMC .,»:/ ' . : . ‘ “ < i »
. R, ;

- >
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(such as gravitational forces by the earth, forces by strmg;, etc.)
depend on the characteristics and positions of the interacting pa\rtic]esf‘
Finally, they spegjfy that a problem description must be consiste;\\t with
motion principles, e.g., that the acceleration of any particle uxgst\ hqve
the same direction as the total force on it. Figure 2 i]—h.lstrates such

a theoretical description of the problem p’reviouls]y described in Figuke'l.

B L et L L L S

Insert Figure 2 about here \
e

K

usually taught or found in textbooks. But in experiments, performed by
Heller and myself, we showed convincing]y that studéntS. when induced |
to use such description rules, avoid almost all cbzrmon errors (e.g.,
omtting relevant forces or introducing extran'eous forces due to non-
ex1stent objects) and generatehprobléﬁm descriptions leading to successful
solutions [ 15]. !

Similar description rules can be explicitly formulated for other
knowledge domains. For example, in thermodynamics the entities of
Interest are macroscopic systems consisting of very many atomic particles.
Such isolated systems are 'to be described by special concepts, such as
*1nternal energy“‘ and"“entropy“, and this description can exploit the ‘special
properties of these concepts. Once again, the mere redescription of
thermodynamic problems in terms of these particlar concepts g}'eatly .

fac1litates their subsequent solutions.

Synthesis of a selution. ’

Once a problem has been described, one can turn to the task of

1

- MOTION

v = velocity I; = gravity force on man by earth
a 2 =acceleration components F =force on man by dome surface

;’;.
Fig. 2: Theoretical description of the problem of Fiqure 1.

':o
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constructing its solution. This ‘task is difficult because the search

‘ for a solution reguires .decisions among many possible Elternatfves. only

F _a few of which lead to\the desired 925). Hegcé ‘a model of effective

! proﬁ]em solving must specify how to make judicibus.deciéions to find
"an Skficiefit path to the de§ired’§o;]. ‘ '

Herely.explicating the alternatives to be considered in making a
decision can already be useful, even without ;pecifying~ﬂg! ; ghoice
between these alternatives is t6 be made. For example, a t}pica] alter-
native is of the form. “What principle should be applied to what system
at what time (or between what, times) with what description?" An explicit

awareness that this is<the kind of decision to be made helps to identify
a limited number of component alternatives worthy of consideration and

thus simplifies appreciably the decision'process. For exampte, fhe

specified form of such a &;cision hayhhe]p to focus a student's diffuse
thinking on “app[ying the first law of thermodynamics, to a system con-
sist{ng of a 5articu]ar cylinder-and enclosed Yas, between the states
A and B, described in terms of pressure and volume".

. Much could be said about how to make judicious decisions among

promising alternatives once they have been identified. But instead of

‘discussing several useful decisjon methods in greater detail, lgt me
merely make a few comments about a powerful general strategy used to
fagi]itate prob]em solving, the strategy of/ﬁrogressive refinements.

This st;ategy may usefully be fllustrated by an analogy, the problem
of painting a picture. One painting strategy would be to paint succes-

sivaly, in cémplete detail, every adjacent square inch of the picture

'(‘~\\\until the total E?Cture is completed. The other strategy consists of

first making a rough sketch of the entire picture, then elaborating this »

16
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sketch by adding more detailed 1ines, then elaborating further by a&ding

more detailed color information, etc.

ceeds by progressive refinements, is far more useful because it allows

The second strategy, which pro-

one to make crucial major decisions first without burdensome or dis-
* tracting details. These major decisions can then be used as guides to
make further decisjons at a more detailed level, and so on until all

details have been worked out.

v *

Similarly, 16 scientific problem solving it is useful to make first a few
major decisions by describing only the major features of a problem in
gross qualitative terms (using vague language or pictures). Such a
solution plan, out]ined.at a gross level of description, may then.be

used as a guide fo construct a solution in more precise and mathematical

1anguage. Indeed, q% mentioned previously, experts (unlike novice
1}
stutents) conﬁnnly use such methods of progressive refinement with great

>

As a simple 1]]ustrat109 of the preceding remarks, c6n§1qer the:
Situation illustrated in Fi;ure 3 Qnich shows a current f;owing through .
two joined wires of different diameters. The problem is to find the ‘
potential at the junction ppint if the potentia]s‘at Phe ends of‘the
wires are specified. éxperts commonly approach thfs problem'by stating
verbally that the potential drop in each wire depends on its resistance,

. . .
and that,the resistance of each wire depends  on its geometric

Only after such qualitative remarks, which basica]]y con-

properties.
“stitute a rough plan for a solution, do the experts begin to specify in
greater detail just how the resistance of each wire depends on particular

geometric properties, such ‘s length and cross-sectional area. This

17
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stra;egy of progressively refined descrigtions stands_in sharp contrast
to what novice students usually do, namely trying to construct a solution
by merely writing down various equations at a mathematically detailed
level of description.' (Indeed, many students get lSst in a morass of
several such equations in several uhknowns, and thus find the preceding
siple problem difficult.)

14

Assessment_and_improvement of solution

Once a problem solution has been obtained, it is important to assess
whether it is coFrec;*and reasonably optimal, so that suitable improve-
ment; can be made. Various tests, designed to assess whether a solution
is correct, can readily be formulated in explicit form. For example,
one of the most useful of such tests is a consideration of simple

<

\\special cases (particulgrly of extreme cases) which must be consistent

with a general solution of a problem. Other useful tests can also be
eas1ly specified. Indeed, many such tests are quite straightforward and
familiar to experts, although they are often mot explicitly taught.to

students.

Characteristics of the Knowledge Base

As mentioned previously, the kndwledge base for a particular domain
must have general characteristics which facilitate the preceding pro-
cedures used to describe problems and search for thé%r solutions. Let

me discuss slightly more fully some of these important characteristics.

C
-
o
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Fia. 3: Current flow{ng in joined‘qires of different diameters.
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ally useful conceptual building block suitable fo
complex problems.

(

An analysis, preSented elsewhere [ 16], shows that the ancillary
knowledge needed to make ;ny concept-or principle effectively usable is
renlarkabiy large and sometimes subtle. Thus the knowl edge needed to
interpret a concept or principle includes that required to specify the
concept or principle by descriptive statements and Py detailed procedures
needed to identify the concept; it includes the'knowledge needt_ed to

apply the concept in various spec.i fic kinds of instances; and it includes

"explicit warnings about 1ikely errors and the requisite knowledge to
discriminate them-from correct situations.

conditions when the concept

The ancillary knowledge
includes also familiarity with some basic implications and applications
of a concept or principle..as: well as explicit guidelines specifying the

v

is Iikelfto be tgseful.

Such ancillary knowledge, required, to make a congept or principle
effectively usable, is routinely possessed by any e

of this knowledge is tacit and often not explicitly

ert. However, much
aught.
, deficiencies in such ancillary knowledge lead to many of.thé common

Indeed,
misconceptions and errors conmitted by studentS.

20 2
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? Functional conceptual building blocks.

by ancillary knowledge needed to make the concept or principle effec-

L] . . .
tively usable. Only then does the concept or principle become a function-

r/tKe synthesis of more

cit, and also to teach deliberately, the anciHary knowledge réquired

to make any concept or principle effectively usable. In this way one
can ensure the possession of concepts and principles which are function-

ally useful and which thus provide a neceséary {although not sufficient) .
prerequisite for effective problem solving.

Knowledge Organization

The organization of available knowledge is of crucial importaqces -
particularly if the knowledge is large. lndéed. only if information is

effectively organized, can it be easily remembered and .appropriately
retrieved in complex contexts.

e
.

(For example, althoughr every folder in  \ g
a file cabinet may contain valuable information, an unorganized collec-

tion of such folders would Tiake the information available in the file

cabinet nearly inaccessible and thus almost useless.) A thedretical

model of effective problem solving must thus specify explicitly' the

manner in which concepts, principles, and rules 'shou]d be effectively

organized so‘as to facilitate their ready retrieval and lgse;

A particular form of knowledge organization, highly useful in many

cases, is'one which is hierarchically structured at successive levels

A

containing increasingly more detailed information [17]. This form of

stales.

organization may be illustrated by a familiar analogy, the mannét; in
which geographical information is organized into maps of different

can be summarized in a map sh(\wing very little detailed information and -
only gross features.

~‘\

Thus geographical information about the entire United States

\
¢

Then certain of these gross features (e.g., certain
geographical regions) can be elaborated more fully in other maps {e.q.,

21

. ’ 6.
N ) ;ﬂ‘" - The preceding corments indicate that it is imporEant to make expli-
particylar special concepts and principles are, from a strictly .
logical point of view, the\es’sential building blocks of the knowledge
used to make scientifi;: predictions and to solve problems. However, the
meve definition of a-concept, or mere statement of a principle, is psy-
thologically and practically almost worthless unless it is accompanied




-
N

. . .
maps of particular states) showing more detajls. Such maps can, .

details. In this way, proceeding by successive elaboration, it is. | ’
’ . .
possible to acco:xynodate any amount of detail in a fashion which does not

obscure the méjor features and which uses these majpr features as, aids -
. A Y

- ~. - -
A -

to gain access to more details.

-
»

v Scientific knowledge_about any domain, such as mechanics or thermo-
dynamics, can very effectively.be organized in similar hierarchical Ways o (a) A 0 0 O ® 0 O O O O O
wvhich facilitate the rgmember;ng and retrieval of all the relevant ’ - N /

knowletge. It would take me too far afield to show here such a hier- |
archical organization of an entire scientific domain. Let n;e‘ therefore. - Hd . ‘

werely 11lustrate the utility of such a hierarchical organization in a
. ‘i

very smple, but conmon, case. o (b)\
Consider an argument {e.g., the derivation of some sc1ent1f1:: re- » ‘ .‘\\\\ '
sult) which starts from certain premises‘;to arrive at certain conclusions. \\\\ ’ P, AP '____'____4:,___ ceeny pmaea ) voo... . ,-.-'t__.,
Such an argument can be organized in various alternative ways. A purely ’ A\ WE
linear organization of this argument might consist of a dozen or so ' “ )
' successive steps, each well explained and following logica}ly from the - } -
preceding one. WOn the other hand, a hierarchical organizktion of the ‘ . ’ -
same argument might consist of four, major steps, grossly desbribed ‘
which summarize the entire arqument; each of these may then, in turn be ‘ L ) . )
elaborated into stiveral more detailed steps, as indicated scnematically .
' n Figure 4. . ' Y \'\ . . .

......... Veece s .-

Insert Figure 4 about here

' TgTmosTssssesssosmosem-e-s - olg mzktio of the argument. (b) Hierarchical organization of the same
¥ ~ - .
2
° {.S L4 - .
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in turn, be elaborated more fully in other maps which show still more s ‘ k’\



’

‘Although the hierarchical organizatioh of the argument contains
Py .

. the same information, it is expected to be much more useful, lndeed, .

N\
. . experiments done by Eylon and myseif have shown i:hat an argument,- pre-

sented and learned in such a hierarchiéal form. can be more easily

o

rememt;)ered, more easily wodified if some premises are changed, and more
easily corrected if errors are made [ 17].

[N - 4 .
.

Experimental Tests of Theoretical Ideas $ .

. \ .. :

{n the preceding sections I have discussed various ti)eoreticai

1deas specifyi.ng pr‘bceclures andﬂ iforms of knowledge leading to good human
problem solving. As mentioned previously’ such 'theoretical ideas need’
not necegsariiy simulate the actual beheVior of experts. The central
queetion is rath# whether human beings, acting in accordance with such

thedretical ideas, do indeed achieve good performance. To address this

.

quest.ion. my’ coiiab’ora,toci and 1 have used the following experimental
paradigm‘to.test models oqf good problein—sol‘.ving perfprm'ance: (1) He use
carefully controlled experimental conditions to induce individual persons
to perform in accordance with a specified model of good performarice
{e.g., we induce persons to follow step-by-step directions spec’ifying
how to generate useful initial descriptions of problems). (2) Then we
observe in detail the resu¥ting performance of these persons and assess
N whether this performance exhibits the predicted characteristics and is;
effective.
Such experiments can indeed be successfully implemented in practice
and can yield very valuable information, both to test theoretical models

and to suggest improvements in them. For example, some of the previously

ment ioned theoretical 1deas about effective problem description and

ERIC <4
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aboit effective knowledge organization were tested by us in experiments

of this kinq[is, 17]. .

A~
. 1

Current Actualities in Sciencé Teach if v -

The analysis on ihe preceding pages outlines some useful procedures

and kinds of knowledge facili.tating scientific problem solving. How do
these insights about effective problem solving relate to the state of
affairs prevalent in the actual teaching of science? In particular,
what do students commonly do when appro;ching problems? And what do

instructors comionly do when trying to teach scientific problem sol‘vin~g?

MRS
- . ™

Commori student behaviors . .

Informal observations, as well as some systematic studies[ll 12] .
indicate that typical students in basic etllege-level science courses
tend to approach probléms in a manner that differs appreciably from the

. .,
preceding precepts for good problem-solving. The following~are some -

examples. :

Students, faced wWith a2 problem, try to tackle inmed.iately the task
of constructing a solution. They spend rather little time befo}'ehand
to.generate a careful description of the problem or to"plan a solution.
Furthermore, they spend little or no time afterwards to assess whether
the solution found by them is correct or.as simple as it might be; nor
do they try to exfract from a solution useful knowledge that miglht help
them to deal with future problems. ,

Students usualiy try to find the solution of a science problem by

!
assembling various facts and fornulas in a linear sequential fashion,

rather than by using methods of progressive refinement. Students tend




E

- -

to behave similarly.in other problem-solving domains. For example,

when trying te write English prose, novice students tend to proceed by _

+ generating success*ve sentences and‘_paragraphs, rather than by construct-

ing progressively refinsd outlines and drafts: SimilarTy, when trying
to write computer programs, unsophigticated stﬁdents tend to proceed by
writing §ucce551ve lines of code, rather than by progressively elaborat-
ing flow charts or high-level procedural specifications. It is not
surprising that students behave in this way. Faced with a task which
ultimately consists of a sequence of steps, the most primitive strategy
1s to generate the stehs one-by-one in sequential order. ‘By'conPrast,

a strategy of progressive refinemepts, which first generates more
f

abstract steps to be ultimately elaborated into the steps of actual

interest, is a more indirect method and its superiority is not apparent’

to unsophisticated students.

Students tend to place a great emphasis on remembering and using
various facts and mathematical formulas, without trying to e:nbed these
in a rich framework of qualitative knowledge. I(ccordjngly, student‘s
may be able to answer some quantitative questions By merely manipu!ating
some mathematical formulas,but may be quite unable to'Qnswer simple
qualitat(ive questfons of a similar kind. Furthermore, students seldom
use qualitative knowledge to plan solutions or to check whether results

-

obtained by them make any sense.

In trying to learn problem solving, students pay much more attention
to the product than to the process. Thus students are mostly interested
in the answers to problems or in worked-ouE solutions of them. But they

" often fa1l to realize that the most important aspect of problem solving

Q
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involves the decision processes ;mich lead to good solutions, d;cisic;n
processes which prevent one from getting stuck or going off in wrong
directions. . o~
e Finaliy, students' acquired knowledge about a scientific domain is~
often "poorly structured, consisting of little more than loosely organized
* collections of miscellaneous facts or Vists of such facts, Indeed, )
students rargl_y appreciate the great importance of or"ganizing their
knowledge with great care so as to make it effectively usable. Nor are
tfley familiar with forms of organization, such as hierarchical organiza-
tions, pptentially useful f';ur making their knowledge more cohérent, more
easily remembered, and more readily, retrievable.
In synmary.‘-it is clear that students' prbblem—solving skills are
rather primitive and leave ample room for i,mprov’emen't through siecific

teaching. ~ . .

[

Conmon' teaching practices . ‘
y Common teaching methods, used by(instructors or textbooks to teach
scientific problem-solving skills, rely predominantly okresenting
information, showing prototypical examples of worked-out problems, and
providing students with pract‘ice in solving similar kinds of problems. )

In many ways such teaching methods are more primitive than those used

in simpler damains, such as sports ‘or nusical performance. Indeed, in

4

those domains teachers try to analyze in detail important components
needed for good performance (e.g., how to fiold a violin, how to move
the wrist when bowing, etc.) Then they strive to teach explicitly

these 1mpor’tant components and to integrate them into good ov;erall

R ‘

N

< & B
i B R bt e,
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.performance. These teaching methods are thus more systematic and. Improved Methods for Teachi‘ng Problem Solving
analytic than tlhose based on mere exemplification and practice. R ’ fhe discussion in the pr‘e’ceding pa‘ges suggests that the teaching
Not only do the teaching methods' used in scientific instruction of scientific problem solving could be substantially improved if the
' seem fairly primitive, there is also evidence that they are often rather ) . task were approached more” scientifically and systematically. 1In parti-
inefficient and ineffective, For example, several recent studies [ 5-10] cular, such teaching should be based upon an adequate understanding of
show that many students, after having successfully completed‘co]lege- - how good problem solving is achieved, i.e., upon an anws of the kind
level science courses, may neverthgless exhibit gross erro}'s or miscon- sketched in the precéding pages [ 13, ]43‘
" ceptions and be quite deficient in simple problem-solving skills. Such an anaiysis suégests that one teach explicitly and separately
Common teaching practices are not only of Timi ted effectiveness, .- the various kinds of kngwledge essential for good problem'-solv’mg' per-

LR

but may even be dysfunctional or deleterious. For example, quite often formance, e.g., knowledge of how to describe problems effectively,

instructors, in their presentations and examinations, emphasize factual : procedures useful for making judicious decisions in the search for solu-
know]edgé considerably more than reasoning processes. Furtpermore. , %ions, procedures for assessing solutions for correctness and optiniality,
‘ teachers and textbooks, in a narrowly conceived pursdit of scientific methods for organizing largeoamouﬁts of knowledge so that 1nfo'mau;,{
precision, frequently tend to stress formal knowledge hemat ical ‘ can be easily remembered ;nd retrieved, etc. Appropriate teaching
descriptions. 'CO':"ESPOHd'any they neglect, or even discourage, qual-, - methods must then be uséd to integrate these important componentsl 50
itative understanding and modes of qualitative reasoning which (as e, " that students can use thém jointly in coherent. fashion. Finally, one
pointed.out previously) are very powerful aids for planning problem must ensl}{e that students Tearn to use these methods habitually, and
solutions and are commonly used by actual experts. As anot'her example, ' ’ automatically. Cléarly, adequate practice is needed to achieve these
_scientific arguments and profotypical problem solutions’ are usually ’ ends, but the right kinds of practice based on an explicit understanding 4
. presented as 1inear sequences OF detailed steps, rather than in more of underlying mechapisms of good problen solving. ~ ’ .
hierarchical forms which 765 poipted out previously) aré‘_fj&%h more use- The preceding gener;l suggestions can be elaborated into practical
ful for remember‘inq:‘ra.nd generalizing information. i ’ - teaching programs. For eXample, I myself have tried to do so in a

The preceding comments revea) that cqmmon teaching practices do not. special course on physics problem sol ving. 1 have also explored a.pre-

reflect much insight into effective problem-solving processes and leave

ferable course format where students are explicitly taught scientific
_much room for improvement. . : conceptual and pro(;hem-solving skills in a "workshop" actompanying the Coe

first quarter of an!introductory college- level physics course. Finally,

N

St. John and ! have even attempted to 1ncorp0rate a few of these ideas

. P
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in laboratory instruction{ 18]. Such practical teaching efforts show . T FOOTHOTE : |
4,

- definite’ promise, but need appreciable care and thought for proper ’ : “ -
. implementation. In particular, they require painstakiné attention to * This ariicle is based on an invited paper i;fqiented at the meétjglg of |
many important detai‘ls which 1 have not been able 'to mention in the brief the American Chemical Society, Las Vegas, $far:th 11952. Some of the
survey presented in the preceding pages. Such teaching efforts could underlying work was partially supported by grant l§_ED_79-20592 from
“also benefit from the exploitation of more 1nd1v1duaHzed° forms of . ‘. tthe’National Science Foundation.
1hstructiqn implemeﬁted by programmed teach'ing materials or computer- ¢
. L

aided instruction. ,
Finally, one sho‘lfld not expect miracle‘s. even if the teaching of - \ ¢ 1
problem solving is approacht;J from a systematic and scientific poi_r;t of |
view. After all, such teaching efforts deal with very complex cognitive ) .
skills. But, by approaching such teaching tasks systematically, one may ‘
Hope to achieve the advantage ipherent in scientific approaches in other
fields'. namely cumulatively increasing knowledge and understanding,
opportunities to learn from successes as ycell a§‘from failures, and
1ncreased practigal effectiveness based upon valifiat‘ed theoretical
, insights. - ‘ ‘ |

. . . |
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